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Abstract: If the interaction rates between the visible and the dark sectors were never
strong enough, the observed dark matter relic abundance could have been produced in
the early Universe by non-thermal processes. This is what occurs in the so-called freeze-
in mechanism. In the simplest version of the freeze-in paradigm, after dark matter is
produced from the standard model thermal bath, its abundance is frozen and remains
constant. However, thermalization and number-changing processes in the dark sector can
have strong impacts, in particular enhancing the dark matter relic abundance by several
orders of magnitude. Here we show that this enhancement can be computed from general
arguments as the conservation of energy and entropy, independently from the underlying
particle physics details of the dark sector. We also note that this result is quite general,
and applies to FIMP production independently of being UV- or IR-dominated.
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1 Introduction
The existence of a dark matter (DM) component has been firmly established by astrophys-
ical and cosmological observations, although its fundamental nature remains elusive [1].
Up to now, the only evidence about the existence of such dark component is via its gravi-
tational effects with the standard model (SM). For a long time, weakly interacting massive
particles (WIMPs) have been among the best-motivated DM candidates. However, the
increasingly strong observational constraints on DM are motivating the quest of particle
DM models beyond the WIMP paradigm [2].
A simple alternative to the WIMP mechanism consists in relaxing the assumption
that DM is a thermal relic produced by the freeze-out mechanism. In fact, the observed
DM abundance may also be generated out of equilibrium by the so-called freeze-in mech-
anism [3–8]. In that case DM is a feebly interacting massive particle (FIMP). For a recent
review of FIMP DM models and observational constraints see ref. [9].
For freeze-in to take place, the DM production rate has to be very suppressed, and
much smaller than the Hubble expansion rate, in order to avoid chemical equilibrium with
the SM. One possibility for having small interaction rates is by assuming renormalizable
processes connecting the two sectors, and a product of mediator couplings to the SM and to
DM in the ballpark of O(10−11). In that case, doubted IR freeze-in, the bulk of the DM is
typically produced when the SM temperature is of the order of the mediator mass. Another
possibility for having small production rates is by taking non-renormalizable interactions,
suppressed by a large dimensional quantity which is parametrically the mass scale of the
mediator. That is the case for the UV freeze-in [8], where DM is mainly produced at
the highest temperature reached by the SM thermal bath. This can be the reheating
temperature in the case of an instantaneous and complete inflaton decay, but can also be
much larger if that approximation is not used for reheating [10].1
1Its is interesting to note the recent intensive effort on exploring the effects on the DM produced by UV
freeze-in due to more realistic pictures for reheating [11–27].
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However, independently from the fact of being IR- or UV-dominated, the bulk of FIMP
DM is produced in a short period of time, after which the two sectors decouple. Addition-
ally, the DM abundance remains constant provided that there are no sizable interactions
within the dark sector. The dynamics in the dark sector could be nevertheless more com-
plicated, featuring for example N -to-N ′ number-changing processes, where N DM particles
annihilate into N ′ of them (with N > N ′ ≥ 2). The dominant N -to-N ′ interactions typi-
cally correspond to 3-to-2 (see e.g. refs. [28–36]), but are forbidden in the most common
models where the DM stability is guaranteed by a Z2 symmetry. In that case, unavoidable
4-to-2 annihilations [37, 38] could dominate. If number-changing processes in the dark
sector reach equilibrium, DM forms a thermal bath with a temperature in general different
from the one of the SM. More importantly, these number-changing processes have a strong
impact on the DM relic abundance.
In this work we investigate the impact of thermalization of the dark sector on the DM
abundance produced by the FIMP mechanism. In particular we highlight that following
general entropy conservation considerations, after freeze-in production the evolution of the
DM density does not depend on the given particle physics details of the dark sector, but
rather on the moment at which the number-changing interactions in the dark sector decou-
ple. We also note that this framework is quite general, and applies to FIMP production
independently from being UV- or IR-dominated.
2 FIMP Dark Matter Production
If the interaction rates between the visible and the dark sectors were never strong enough,
the observed DM relic abundance could still have been produced in the early Universe by
non-thermal processes. This is what occurs in the so-called freeze-in mechanism. In the
simplest version of the freeze-in paradigm, after DM is produced from the SM thermal
bath, its abundance is frozen and remains constant. However, thermalization and number-
changing processes in the dark sector have a strong impact on the DM relic abundance, as
it will be seen hereafter.
2.1 Without Thermalization
In the freeze-in paradigm the bulk of the DM is generated when the SM bath has a tem-
perature T = Tfi, where Tfi is typically the reheat temperature Trh in the case of a UV
production, or the mediator mass in the case where the production is IR-dominated. To
track the evolution of the DM number density n, it is convenient to define the DM yield
Y as the ratio n over the SM entropy density s, with
s(T ) =
2pi2
45
g?s(T )T
3, (2.1)
where g?s corresponds to the effective number of degrees of freedom contributing to the
SM entropy [39]. The asymptotic value at T  Tfi of the DM yield in the case where no
interaction within the dark sector is simply
Y
w/o
0 ' Y w/o(Tfi) =
nfi
s(Tfi)
, (2.2)
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where nfi corresponds to the original DM number density produced by freeze-in, strongly
depending on the details of the portal connecting the the dark to the visible sector.
A typical example of UV freeze-in corresponds to the DM production via the 2-body
decay of the inflaton. In that case the DM number density is mainly produced at T ' Trh
and reads
nfi = n(Trh) =
pi2
15
g?(Trh)
T 4rh
mφ
Br , (2.3)
where g? corresponds to the effective number of relativistic degrees of freedom contributing
to the SM energy density [39], mφ is the inflaton mass and Br the branching fraction for
the decay of the inflaton decaying into two DM particles. The asymptotic value of the DM
yield is therefore
Y
w/o
0 '
3
2
g?(Trh)
g?s(Trh)
Trh
mφ
Br . (2.4)
In Starobinsky inflation [40] typical values aremφ ' 3×1013 GeV and Trh ' 108 GeV, which
implies that in order to reproduce the observed DM abundance the branching fraction to
DM states has to be
Br ' 5× 10−8
(
1 TeV
m
)
, (2.5)
with m being the DM mass. We emphasize that this result ignores possible thermalization
and number-changing processes in the dark sector.
2.2 With Thermalization
Even if it is typically neglected, in freeze-in scenarios thermalization within the dark sector
can occur, inducing a strong impact on the DM abundance. Here we show that using simple
and general assumptions, the role of thermalization and DM number-changing interactions
within the dark sector can be estimated in a model independent way.
The initial DM energy density produced by the freeze-in mechanism can be estimated
as
ρfi ' nfi Tfi . (2.6)
If there exist strong interactions within the dark sector DM rapidly thermalizes, its dis-
tribution being characterized by a temperature T ′, in general different from T . Assuming
an instantaneous thermalization process, the temperature T ′fi in the dark sector just after
thermalization is
T ′fi
4 ' 30
pi2 Cρ g nfi Tfi , (2.7)
where Cρ = 1 (bosonic DM) or 7/8 (fermionic DM), and g corresponds to the DM degrees
of freedom. In eq. (2.7) the fact that the DM energy density ρ is given by
ρ(T ′) ' Cρpi
2
30
g T ′4 , (2.8)
was used. The DM number density just after thermalization is therefore
n(T ′fi) = Cn
ζ(3)
pi2
g T ′fi
3 ' Cn ζ(3)
pi
7
2
g
1
4
[
30
Cρ nfi Tfi
] 3
4
, (2.9)
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Figure 1. Example of the evolution of the SM temperature T and DM temperature T ′, assuming
m = 100 GeV and x′fo = 20. The vertical red dotted lines represent T
′ = m (left) and T ′ = T ′fo
(right). The black dotted curves correspond to analytical estimations for T ′.
where Cn = 1 or 3/4 for bosonic or fermionic DM, respectively. Number-changing inter-
actions in the dark sector increase the DM number density from nfi to n(T
′
fi), at the cost
of decreasing the average energy per particle. The dark sector rapidly cools down until
chemical equilibrium is reached.
The evolution of the SM and DM temperatures is dictated by entropy conservation [28].
In fact, entropies are separately conserved after the moment when the two sectors kine-
matically decouple from each other, i.e. for T < Tfi. On the one hand, up to variations in
g?s the SM temperature scales like T (a) ∝ 1/a, where a corresponds to the scale factor.
On the other hand, DM temperature also scales like T ′(a) = T ′fi/a as long as DM is ultra-
relativistic, i.e. T ′  m. However, it decreases slower when it becomes non-relativistic and
it is still chemically coupled, i.e. between m T ′  T ′fo, where T ′ = T ′fo is the temperature
at which the number-changing interactions in the dark sector freeze-out. In this regime
T ′(a) = 2mW−10
[
2025
16pi7
(Cn
Cρ
)2(m
T ′fi
a
)6]
, (2.10)
where W0 corresponds to the 0-branch of the Lambert function. There is therefore a
relative increase of T ′ compared to T . Finally, for T ′  T ′fo, DM is non-relativistic and out
of chemical equilibrium, implying that T ′(a) = T ′fo (afo/a)
2, where afo is the scale factor
when T ′ = T ′fo and is given by
a3fo =
4
√
2pi7
45
Cρ
Cn
T ′fi
3√
T ′fom5
e
m
T ′
fo . (2.11)
The left panel of fig. 1 shows an example of the evolution of the SM temperature T
(blue dashed line) and DM temperature T ′ (black solid line) as a function of the scale factor
a, assuming m = 100 GeV and x′fo ≡ m/T ′fo = 20. For the initial DM number density nfi
we have used eq. (2.3) together with Trh = 10
8 GeV, mφ = 3× 1013 GeV and Br = 10−10.
The vertical red dotted lines representing T ′ = m (left) and T ′ = T ′fo (right) have been
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Figure 2. Example of the evolution of the DM yield with (black solid line) and without (blue
dashed line) thermalization in the dark sector, assuming m = 100 GeV and x′fo = 20. The vertical
red dotted lines represent T ′ = m (left) and T ′ = T ′fo (right), whereas the horizontal black dotted
lines correspond to the analytical estimations for the DM yield.
added for reference. Additionally, the black dotted curves correspond to the analytical
estimations for the evolution of T ′, in the three regimes previously described. Finally, the
right panel of fig. 1 shows the ratio of temperatures T ′/T as a function of T , for the same
benchmark point. The small kink near T ∼ 100 MeV corresponds to the QCD crossover.
The asymptotic value at T ′  T ′fo of the DM yield in the case with sizable self-
interactions within the dark sector depends on the moment when the DM number-changing
processes decouple. In the case x′fo  1, these interactions freeze-out when the DM is still
ultra-relativistic, and therefore the DM yield reads
Y
w/
0 =
n(T ′fi)
s(Tfi)
' 45 Cn ζ(3)
2pi
11
2
g
1
4
g?s(Tfi)
[
30
Cρ
nfi
T 3fi
] 3
4
. (2.12)
However, in the opposite case where x′fo  1, the dark freeze-out occurs when DM is
non-relativistic, and the DM yield is instead
Y
w/
0 '
n(T ′fo)
s(Tfo)
' 45
2pi2
g
g?s(Tfo)
(
mT ′fo
2pi
) 3
2 1
T 3fo
e
− m
T ′
fo ' 8
pi
3
2
g
1
4
g?s(Tfi)
T ′fo
m
[
15
7
nfi
T 3fi
] 3
4
. (2.13)
Figure 2 presents an example of the evolution of the DM yield with (black solid line)
and without (blue dashed line) thermalization within the dark sector, for the same bench-
mark used in fig. 1, i.e. m = 100 GeV and x′fo = 20. The vertical red dotted lines represent
x′ = 1 (left) and x′ = x′fo (right). The horizontal black dotted lines correspond to the
analytical estimations for the DM yield assuming that the freeze-out occurs when DM is
ultra-relativistic (upper line) or non-relativistic (lower line). The figure shows an enhance-
ment of few orders of magnitude in the produced DM abundance reached comparing the
cases with and without thermalization. This enhancement is maximized if the number-
changing interactions within the dark sector decouple when the DM is ultra-relativistic. In
the opposite case, if the interactions freeze-out when DM is non-relativistic, the enhance-
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ment is reduced, but only by a factor 1/x′fo and not e
−x′fo , due to the close-to-exponential
increase of T ′ with respect to T near T ′ = T ′fo.
A measure of the impact of the thermalization on the DM yield can be estimated by
defining a boost factor B which is the ratio of the DM abundance taking into account the
case with relative to the case without thermalization in the dark sector:
B ≡ Y
w/
0
Y
w/o
0
'
(
8
27
g
g?s(Tfi)
1
Y
w/o
0
) 1
4
×

45 ζ(3)
21/4 pi4
Cn
C3/4ρ
for x′fo  1,
8
73/4
1
x′fo
for x′fo  1.
(2.14)
This boost factor is a clean way to characterize the enhancement since many of the other
factors fall out. In particular, we highlight that B mainly depends on Y
w/o
0 and x
′
fo,
2 but not
on m or the specific number-changing processes that brought the dark sector into chemical
equilibrium. We emphasize that the computation of the boost factor is independent on
the details of the underlying particle physics details of the dark sector. In fact, we have
only assumed an instantaneous thermalization in the dark sector, and that DM number-
changing interactions in the dark sector reached chemical equilibrium. Both conditions can
be naturally fulfilled provided that DM features sizable self-interactions.
Finally, and following the example of the UV frozen-in DM produced by the decay
of the inflaton introduced in the previous section, eqs. (2.4) and (2.14) imply that the
branching ratio of the decay for the inflaton into a couple of DM particles has to be
Br ' 10−10
(
1 TeV
m
) 4
3
×

1 for x′fo  1,
0.2x′fo
4
3 for x′fo  1,
(2.15)
in order to reproduce the observed DM abundance, for real scalar DM. The thermalization
and number-changing processes in the dark sector enhance the DM abundance, decreasing
the required branching fraction of the inflaton into DM states. We note additionally, that
Br presents a stronger mass dependence.
3 Conclusions
Dark matter has been typically assumed to be a thermal relic produced via the WIMP
mechanism. However, if the interaction rates between the visible and the dark sectors were
never strong enough, the observed DM relic abundance could still have been produced in
the early Universe by non-thermal processes. This is what occurs in the so-called freeze-in
mechanism.
In the simplest version of the freeze-in paradigm, after DM is produced from the SM
thermal bath, its abundance is frozen and remains constant. Nevertheless, thermalization
and number-changing processes in the dark sector can have strong impacts, in particular
enhancing the DM relic abundance by several orders of magnitude. Here we have shown
that the boost can be computed from general arguments as the conservation of energy and
2There is also a marginal dependence on Tfi if it is bellow the electroweak scale, and the spin of the DM.
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entropy, independently from the underlying particle physics details of the dark sector. We
also note that this result is quite general, and applies to FIMP production regardless of
being UV- or IR-dominated.
Finally, we note that thermalization and number-changing interactions naturally ap-
pear in scenarios where DM features sizable self-interactions. Those DM self-interactions
could play a role in the solution of the so-called ‘core vs. cusp problem’ [41–44] and ‘too-
big-to-fail problem’ [45–48] arising at small scales. For this to be the case, the required
self-scattering cross section over DM mass needs to be of the order of 0.1–2 cm2/g at
the scale of dwarf galaxies [49, 50], and smaller than 1.25 cm2/g at the scale of galaxy
clusters [51].
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